Introduction
Recently, carbon dioxide capture by microalgae cultivation and harvesting has been spotlighted as one of the mitigation processes of global warming. The produced microalgae biomass could be utilized as carbon-neutral energy, by combination with methane fermentation, lipid extraction or other bioenergy conversion process, and for carbon capture and storage, by converting into petrochemical materials such as carbon fiber, resins, etc. Application of membrane processes is one promising unit operation to enhance microalgae productivity ). Various application of microfiltration and ultrafiltration has been studied to concentration of microalgae culture (Bhave et al. 2012; Zhang et al. 2010) , and submerged filtration in a photobioreactor to utilize treated wastewater (Honda et al., 2012; Marbelia et al. 2014) and to recycle nutrients in cultivation media (Discart et al. 2013 ).
Forward osmosis (FO) membrane processes are recognized as emerging technology for wastewater reclamation, osmotic power generation, dewatering processes etc. (Hoover et al. 2011; McGinnis et al. 2008 ). An FO process utilizes water transportation through a semipermeable membrane driven by osmotic pressure difference between a relatively low concentration solution (feed) to a relatively high concentration solution (draw). 4 Therefore, the FO process enables concentration of feed solution with low energy consumption. Application of the FO membrane to microalgae cultivation and harvesting is also studied in dewatering of microalgae (Buckwalter et al. 2013; Hoover et al. 2011) and concentration of nutrients in treated wastewater (Xue et al. 2015) . Among these FO studies, fouling studies by microalgae are limited except Zou et al. (2011) , which reported that Mg 2+ enhances algal fouling of FO membrane.
A typical FO membrane can be used in either orientation of AL-DS mode, in which the membrane active layer faces the draw solution, or AL-FS mode, in which the membrane active layer facing the feed solution. It is known that fouling characteristics of the FO membrane depends on membrane orientation (Cornelissen et al. 2008; Motsa et al. 2014 ). However, the major fouling mechanisms and foulants characteristics have not been investigated in dewatering of microalgae culture with FO membrane. Moreover, difference of foulants characteristics by membrane orientation is unveiled yet. The objective of this study was to investigate effects of membrane orientation on fouling characteristics in concentration of microalgae culture using FO membrane.
Characteristics of foulants and effects of membrane cleaning in different membrane orientation were also studied. The NaOH solution with pH=11 was used as the cleaning agent. Pure water flux was measured after each cleaning. Permeability was calculated from the pure water flux and the estimated osmotic pressure difference between feed and draw solutions, as described below in 2.4.
Analysis of foulants
Soluble microbial products (SMP) and extracellular polymeric substances (EPS) was . After a sample was centrifuged at 8,000 rpm for 10 min, the pellet was suspended in 50 mL of physiological saline solution, which was adjusted to pH 11 by 1N NaOH solution. The suspended sample was heated at 80°C for 30 min, and then centrifuged at 12,000 x g for 1 min. The supernatant was taken for the further analysis after centrifuged again for 10 min.
Carbohydrates and proteins in each fraction were analyzed by the phenol-sulfate method using glucose as the standard, and modified Lowry method using bovine serum albumin (BSA) as the standard, respectively. Composition of organic substances in the sample was also analyzed by excitation-emission matrix (EEM) with a fluorescence spectrophotometer (FP-8200, Jasco, Japan). Excitation wavelengths were incrementally increased from 200 nm to 500 nm at 5 nm steps. For each excitation wavelength, the emission spectra were obtained by scanning from 210 to 600 nm at 5 nm steps. A fraction of organic matter which relates to each peak in the obtained matrix was identified according to Chen et al. (2003) . 
Calculation of water permeability
The water flux (J w ) was determined from increase in weight of the draw solution. The relationship of the water flux and the osmotic pressure difference between feed and draw solution (Δπ) is given by
where A is the water permeability, and Δπ is osmotic pressure difference between feed and draw solutions. The water permeability here is defined as the apparent water permeability which accounts for the concentration polarization effects, because the osmotic pressure difference (Δπ) is attributed to the occurrence of external and internal concentration polarization in FO membrane (Cornelissen et al. 2008; Wong et al. 2012 ).
In this experiment, osmotic pressure difference changed dependent on dilution of draw solution by water permeation from feed to draw solution and salt intrusion from draw to feed solution. Osmotic pressure in feed solution (Δπ F ) and salt intrusion from draw to feed solutions were determined from the measured conductivity in feed solution and correlation of NaCl concentration with conductivity. Osmotic pressure in draw solution (Δπ D ) was determined from the calculated salt intrusion from feed solution and volume increased by water permeation from feed solutions. However, since the dilutive ICP is eased when flux drops, the flux is maintained stable.
Consequently, in AL-FS mode, flux was maintained more stable than in AL-DS mode due to smooth surface of the active layer and self-compensation ICP phenomenon.
Flux recovery by cleaning
Flux recovery was higher in AL-FS mode both in physical and chemical cleaning ( Table   1 
Characterization of foulants
In AL-FS mode, proportions of carbohydrates in EPS to SMP were comparable between foulants removed by physical and chemical cleaning. However, in AL-DS mode, more carbohydrates were contained in EPS in chemical cleaning effluent (Figure 3a) . This In terms of mass, proteins were the major foulants in the both modes (Figure 3b) .
However, proportions of proteins in EPS to SMP were not significantly different between in AL-DS and AL-FS mode. This is probably because affinity to the active and support layers did not probably change between EPS-form and soluble proteins. Charge of a protein molecule depends more on pH and its isoelectric point rather than its size.
Therefore, fractioning by EPS and SMP could not distinguish proteins with higher affinity to the membrane from those with lower affinity.
In addition to carbohydrates and proteins, humic-like substances were also found in 
Conclusions
Flux decline was initially rapid in AL-DS mode but became comparable to AL-FS mode later, probably because fouling mechanism shifted from inner-membrane fouling to cake deposition. Flux recovery was lower in AL-DS mode after both physical and chemical cleaning because of uneven surface characteristics of the support layer. In AL-DS mode, polysaccharides in EPS probably played an important role in irreversible fouling.
Proteins and humic-like substances were also found as possible irreversible foulants independent of membrane orientation. AL-FS mode is preferable in concentration of microalgae due to its flux stability and better flux recovery by physical cleaning. 
